Proviral copies of mouse mammary tumor virus (MMTV) are known to be amplified in certain T-cell lymphomas. Transcription of the amplffied MMTV proviruses was studied in detail in two T-cell lymphoma lines and showed the production of deletions and premature termination of env mRNAs and the premature termination of gag transcripts. EL-4 cells produce three env mRNAs, and sequence analysis of cDNAs of the two smaller transcripts revealed large deletions encompassing the 3' half of the env gene. The deletion in at least one of the altered transcripts appeared to be produced by a splicing mechanism. T-cell lymphoma line ML of DBA/2 mice also synthesizes two smaller env transcripts, both of which result from premature termination of transcription. Both lines transcribe high levels of gag mRNAs of about 0.8 kilobases in length, terminating at the end of the region encoding MMTV phosphoprotein pp2l. Restriction enzyme BamHI analysis of the amplified proviruses of EL-4 and ML cells as well as of additional non-mammary tumor cell types containing amplified MMTV proviruses suggested that the amplified proviruses were derived from exogenous viruses, or activated endogenous provirus MTV-1 in the case of DBA/2 strain tumor cells.
Proviral copies of mouse mammary tumor virus (MMTV) are known to be amplified in certain T-cell lymphomas. Transcription of the amplffied MMTV proviruses was studied in detail in two T-cell lymphoma lines and showed the production of deletions and premature termination of env mRNAs and the premature termination of gag transcripts. EL-4 cells produce three env mRNAs, and sequence analysis of cDNAs of the two smaller transcripts revealed large deletions encompassing the 3' half of the env gene. The deletion in at least one of the altered transcripts appeared to be produced by a splicing mechanism. T-cell lymphoma line ML of DBA/2 mice also synthesizes two smaller env transcripts, both of which result from premature termination of transcription. Both lines transcribe high levels of gag mRNAs of about 0.8 kilobases in length, terminating at the end of the region encoding MMTV phosphoprotein pp2l. Restriction enzyme BamHI analysis of the amplified proviruses of EL-4 and ML cells as well as of additional non-mammary tumor cell types containing amplified MMTV proviruses suggested that the amplified proviruses were derived from exogenous viruses, or activated endogenous provirus MTV-1 in the case of DBA/2 strain tumor cells.
Mouse mammary tumor virus (MMTV), the causative agent of mammary tumors in susceptible mice, is also known to be expressed in tissues and tumors other than those of the mammary gland. The most extensively documented association of MMTV with nonmammary tumors is that with T-cell lymphomas (1, 8, 22, 27, 32) . A characteristic common to all the MMTV-expressing T-cell lymphomas is the presence of numerous acquired (amplified) MMTV proviral genomes (8, 22) , all containing long deletions in their long terminal repeat (LTR) regions (1, 14, 17, 18, 21, 23) . In each case, the amplified proviral genomes appear to have originated from a single transcript bearing a deletion ranging in size between 300 and 500 base pairs located within the U3 region of the LTR.
MMTV LTRs contain regulatory signals required for control of proviral gene expression, and these regulatory elements presumably interact with host cell transcription factors which determine viral expression in the particular cell type. A sequence exhibiting negative regulatory effects in transcription assays has been identified within the region of the LTRs that is always deleted in amplified T-cell lymphoma proviruses (14, 25) . Transcription assay constructs containing MMTV LTRs bearing deletions appear to be more efficient in lymphoid cells than constructs with full-length LTRs (35) . The T-cell lymphoma cells do not produce mature viral particles (27, 32) , although they do transcribe high levels of MMTV RNA (9, 17, 23, 30) . The mRNAs are translated into gag and env polyprotein precursors but are then not processed further into mature viral structural proteins because of an apparent block in the maturation pathway (27, 32) . A C57BL/6 mouse-derived T-cell lymphoma line, EL-4, has also been reported to synthesize an unusual 1.0-kilobase (kb) LTR transcript (9, 30) which initiates within the envelope gene in response to phorbol ester treatment (9) .
A detailed examination of the MMTV transcripts synthesized in two T-cell lymphoma lines revealed the presence of other unusual transcripts that contained deletions or were prematurely terminated. These observations are presented in this article and suggest the presence of mechanisms in T-cell lymphoma cells which create these MMTV transcript alterations.
MATERIALS AND METHODS
Cells and tissues. Transplantable T-cell lymphoma line ML cells were passaged in 6-to 8-week-old male DBA/2 mice as described previously (32) . C57BL/6 mouse-derived T-cell lymphoma line EL-4 cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum as reported before (17, 30) . Lactating mammary glands (LMG) were obtained from C3H/Bi strain female mice. Macrophage cell line p388 and T-cell lymphoma S49 cells were both grown in RPMI 1640 medium supplemented with 10% fetal bovine serum (31) .
DNA probes. EL-4 cell genomic DNA was digested with restriction enzyme BamHI and fractionated, and the region of 1.2 to 1.3 kb was eluted for subcloning into plasmid vector pGem-4Z (Promega) by standard techniques (19) . The MMTV env clone was selected, and a PstI subfragment encompassing solely the env region was also subcloned. The 1.1-kb PstI gag probe encompassing the 5' half of the gag gene as well as 25 base pairs of leader sequence was a gift from E. Buetti (10) .
RNA preparation. Total RNA was extracted from cells by the procedure of Okayama et al. (28) . Pelleted cells were homogenized in 5.5 M guanidinium thiocyanate solution, followed by centrifugation through a cushion of cesium trifluoroacetate at 125,000 x g for 24 h at 15°C. The were isolated from both the EL-4 and ML cell cDNA libraries. These initial observations prompted the present study of a detailed analysis of MMTV transcript synthesis in the T-cell lymphomas.
To verify the presence of these transcripts in cellular RNA, the poly(A)+ RNA used to construct the cDNA libraries was fractionated on agarose-formaldehyde gels, transferred to nitrocellulose membranes, and probed with env and gag gene probes. Cellular RNA was extracted by the procedure of Okayama et al. (28) to ensure minimum degradation, and poly(A)+ RNA was selected on oligo(dT) spin columns, a rapid procedure which also contributes to the recovery of high-quality undegraded mRNA. Northern (RNA) blots were hybridized with a 1.28-kb BamHI fragment probe, spanning the polymerase and env genes, a 1.1-kb PstI gag probe (10), and a 1.4-kb PstI LTR fragment. The BamHI fragment was cloned from the amplified provirus of EL-4 cells in order to analyze the region encoding the 5' junction sequences of the deletions in the EL-4 cell env transcripts.
Analysis of EL-4 cell mRNA with the BamHI probe ( cell provirus (17) . A longer exposure of the same blot showed the presence of the 8.1-kb full-length genomic RNA transcript (Fig. 1, lane A1) . Analysis of MMTV RNA isolated from LMG of C3H/Bi mice, the usual site for MMTV infection and replication, showed only the presence of 8.5-kb genomic and 3.5-kb envelope mRNAs (Fig. 1, lane B) . No smaller env transcripts were detectable in the C3H LMG RNA, even after extended exposure of film (Fig. 2, lane B) .
C3H LMG RNA analysis also demonstrated the integrity of the isolated RNA by the complete absence of degradation products. The C3H LMG RNA revealed the presence of the 1.7-kb LTR transcript (36, 39) when probed with the LTR probe (Fig. 2 , lane E). ML cells were found to express a high level of env message (Fig. 1 , lanes C and C1) in addition to genome-length RNA, as well as two discrete smaller transcripts approximately 0.7 and 0.9 kb in length. The small env transcripts in ML cells were relatively much less abundant than the full-size env transcripts, which probably accounts for the failure to isolate cDNAs of these transcripts during the initial antiserum screening. Hybridization of ML cell RNA with the gag probe detected genome-length RNA (Fig.  1, lanes D and D1) but revealed that the majority of transcripts were smaller than 1.0 kb. Although there seemed to be some heterogeneity, the predominant RNA forms appeared to be two closely spaced bands approximately 0.8 kb in length. After a longer film exposure, a faint band comigrating with env mRNA could be detected (Fig. 1, lane D1) ; it probably reflects the presence of 25 base pairs of leader sequence in the 1.1-kb PstI gag probe. The short gag transcripts were also detected in EL-4 cell RNA, although in lower amounts than in ML cells (data not shown).
Additional analysis was also performed on mRNA isolated from p388 cells, a monocyte-macrophage cell line containing amplified MMTV proviral copies with unaltered LTRs (31) , and an additional T-cell lymphoma, S49 of BALB/c mice, which also harbors amplified MMTV proviruses with altered LTRs (8) . Hybridization with the env BamHI probe showed that both cell types synthesized genome-length and env transcripts (Fig. 2, lanes A and C) . There was also a slight hybridization with a 2.3-kb band in the p388 cell RNA (Fig.  2, lane A) . No smaller env transcripts were evident in the S49 cells (Fig. 2, lane C) . Analysis with the LTR probe revealed the presence of at least two small transcripts in p388 cells, the 1.7-kb LTR mRNA in C3H LMG cells, and no additional mRNAs in S49 cells (Fig. 2, lanes D, E, and F) . gag probe analysis indicated the probable presence of a heterogeneous population of short gag transcripts in the S49 cells (Fig. 2, lane I) . The hybridization of the env message of p388 cells with the gag probe was probably caused by the 25 bases of leader sequence present in the probe and the very high relative level of env message in p388 cells (Fig. 2, lane  G) .
Sequence analysis of envelope transcript cDNAs. DNA sequence analysis of the two small env transcripts detected in EL-4 cells revealed that both species contained the correct 5' leader sequence and splice site (10) but had long deletions in the env gene region (Fig. 3) . Four (Fig. 3) , while the 1.85-kb transcript had a 1,161-base-pair deletion encompassing the 3' half of the env gene.
Sequences bordering the 5' and 3' deletion junction sites of the two transcripts are shown at the bottom of Fig. 3 . The 1.28-kb BamHI fragment extending from bases 6250 through 7536 of the amplified provirus of EL-4 cells was subcloned in order to determine the sequences surrounding the 5' portion of the deletions. Inspection of the sequences bordering the 5' end of the deletion in the 1.85-kb mRNA showed that they constituted a consensus splice donor site (26) . The sequences shown near the 3' end of the deletions are those of Kwon and Weissman (17) , and they indicate that the 1.85-kb mRNA makes use of the splice acceptor site that is normally used to generate the 1.7-kb LTR transcript (36, 39) . Thus, it appears that the deletion in the 1.85-kb mRNA is generated as a result of a splicing mechanism. The identical deletion has been observed to be present in a 1.0-kb phorbol esterinduced transcript that is initiated from a promoter within the env gene of the amplified provirus of EL-4 cells (9 immediately to the right of the env gene splice acceptor site (GATGCCGAATCACCAATCTG) in combination with the reverse Xgtll sequencing primer (GTAATGGTCAACC AAACCACAGTT). In addition, an oligonucleotide containing an EcoRI restriction site (GGAGAATTC) was attached to the 5' end of the env gene primer in order to facilitate subcloning of PCR products. Reaction with the ML cDNA library as the template generated two prominent bands, one approximately 450 and the other 650 base pairs long (Fig. 4,  lane A) . No product reflecting the full-length env transcript was observed because of the limitation of the PCR technique in generating molecules larger than approximately 2 kb in length. No small products were observed with the C3H LMG library template (Fig. 4, lane B) . Reaction with the EL-4 cDNA library synthesized two prominent closely spaced bands of about 750 to 800 base pairs (Fig. 4, lane C) .
The PCR products were digested with restriction enzyme EcoRI and separated on acrylamide gels, and the prominent bands were excised, eluted, and subcloned for sequencing. The two species from the ML library were sequenced in their entirety and turned out to be prematurely terminated env transcripts. Both had polyadenylated 3' ends; the smaller one terminated at base 6940, and the larger one terminated at base 7161. Taking into account the 289-base-pair leader sequence, and excluding poly(A) tails, the predicted sizes of the two transcripts would be 673 and 893 base pairs, respectively. These lengths are in good agreement with the initial size estimates of 0.7 and 0.9 kb, which were based on size marker comparisons on Northern blots (Fig. 1, lane C1) . Just upstream of the termination sites of the two ML cell env transcripts were polyadenylation signal consensus sequences (2) (Fig. 5A and B) .
Sequence analysis of the two prominent EL-4 cDNA env products revealed that the shorter one (750 base pairs) was identical to the region 3' of the env previously described 1.05-kb transcript, and the longer one (850 base pairs) contained the deletion of the 1.85-kb transcript but terminated at base 8553, just 5' of the polypurine tract which precedes the 3' MMTV LTR. The 850-base-pair EL-4 product probably represents an artifact of cDNA library construction, whereupon reverse transcription is primed by oligo(dT) on the polypurine tract, which contains 12 A residues interrupted by one G. A band of about 1.6 kb was visible in the EL-4 PCR product (Fig. 4, lane C) and probably arose from the 1.85-kb transcript cDNA. A faint band of approximately 2.0 kb was detectable in all three cDNA library PCR samples and probably represents the full-length env transcript cDNA primed on the polypurine tract.
gag gene transcripts. Screening of cDNA libraries of and ML cells with the anti-ML serum containing anti-env and anti-gag polyprotein activity identified a number of short cDNA clones (about 200 base pairs in length) from both libraries corresponding to sequences within the 5' end of the gag gene region. Five cDNA clones were isolated (three from the DBA/2 and two from the EL-4 libraries) consisting of sequences encoding most of the phosphoprotein pp2l of the gag gene (13) . The 3' ends of all five isolates were identical, ending at base 1975, followed by the noncoding sequence GAA repeated 10 times (Fig. SC) . When the cDNA libraries were screened with the 1.1-kb PstI gag fragment, the isolated clones extended into the leader sequence, and an additional group of four clones ending at base 2039 followed by a poly(A) tail were also isolated (Fig. SD) . Because of the difficulties encountered when subcloning sequences from this region of the MMTV genome into plasmid vectors (3), the isolated cDNA clones were only sequenced from both ends in the Agtll vector. Assuming that both groups of transcripts initiate at the cap site, one can calculate a length of 779 analysis (Fig. 1, lane D) . cDNAs of genome-length transcripts were, of course, not isolated since the entire transcript is too long to fit into the Xgtll vector (15, 40) . Whether the truncated gag gene transcripts are translated in cells was analyzed by immunoprecipitation of labeled cell extracts with the antiserum used for library screening. The analysis was inconclusive for, although the 75,000-molecular-weight gag polyprotein precursor (6) was clearly identifiable, possible smaller translation products were not very prominent (data not shown).
BamHI restriction sites in amplified proviruses. As described above, the amplified provirus of EL-4 cells was found to contain a BamHI site in the env gene, and digestion with BamHI gave rise to an internal fragment of 1.28 kb encompassing base pairs 6250 through 7536. The presence of a BamHI site in the env gene which yields the characteristic 1.28-kb internal BamHI fragment is usually a characteristic of exogenous, horizontally transmitted MMTVs (4). In addition, the env gene BamHI site is present in MTV-2 (22), the provirus of GR strain mice which is responsible for mammary tumor induction in those mice (20) , and is also found to be amplified in T-cell lymphomas of GR strain mice (21) (22) (23) . This BamHI site is also present in MTV-1 (5), the endogenous provirus which causes late-onset mammary tumors in strains C3Hf and DBA/2f, in which the exogenous virus has been removed by foster nursing of offspring (20, 37) . MTV-1 and MTV-2 are the only endogenous proviral loci known to induce mammary tumors (20) . Of the three proviral genomes of CS7BL/6 mice (the parental strain of EL-4 cells), none carry the env BamHI site (29) , suggesting that the amplified provirus in EL-4 cells might have originated from a horizontally transmitted exogenous infectious MMTV.
Southern blot analysis of additional non-mammary tumor cell types known to contain amplified MMTV genomes (31) and hybridization with the 1.28-kb BamHI probe demonstrated that in every case, most of the acquired proviral genomes contained the env BamHI site (Fig. 6) . Although most of the acquired proviruses in EL-4 cells contained the env BamHI site, four of them did not (Fig. 6, lane A) . This observation confirms the reported high level of polymorphism present in the amplified proviral genomes (7) . Simi (Fig. 6, lane C) . The parental strain LAF-1 of AtT-20 cells appeared to carry a single provirus with the BamHI site (Fig. 6, lane D) . The amplified proviruses in the tumor cells derived from DBA/2 mice (macrophage-monocyte line P388 [Fig. 6 , lane E] and T-cell lymphoma ML [Fig. 6, lane F] ) might all be derived from the endogenous provirus MTV-1, which was present in the DBA/2 strain genome and carried the BamHI site (Fig. 6, lane G). The intensity of the BamHI band from DBA/2 normal spleen DNA (Fig. 6, lane G) was much lower than that of the tumor cell DNAs, since it reflected the presence of a single copy of proviral DNA in the normal DBA/2 tissue.
In the case of the T-cell lymphoma S49, all acquired copies save one contained the env BamHI site (Fig. 6, lane H) . Proviruses of BALB/c mice did not carry the site (Fig. 6 (36, 39) . The identical deletion has been reported to be present in the 1.0-kb phorbol ester-induced LTR transcript shown to be initiated from a promoter within the env gene (9) . The small env transcripts were not, however, dependent on phorbol ester treatment for transcription. The borders of the deletion in the 1.05-kb mRNA did not conform to a splicing mechanism model, and the deletion might have been produced by some other process. The presence of small polypeptides in EL-4 cells immunoprecipitable with antigp52e'lv antiserum has been observed (30) (15, 40) . Therefore, cDNAs extending 5' of the gag gene initiation codon cannot be used to form fusion products.
A striking feature of MMTV transcription in the EL-4 and ML cell lymphomas is the very high ratio of env to genomelength RNA synthesized. In the normal site of MMTV replication, the LMG, equivalent amounts of env and genome-length mRNAs were synthesized (Fig. 1, lane B) . However, when the short gag transcripts were taken into account, these ratios in the lymphomas appeared to be more even. Since there do not appear to be proviral fragments in the genomes of the lymphoma cells, it is probable that the short gag transcripts are generated as a result of premature termination.
The amplified proviruses in each tumor line appear to have originated from a single transcript (9, 14) . According to the analysis with restriction enzyme BamHI, the original source of this transcript might have been infection with an exogenous virus or reinfection with activated provirus MTV-1 for DBA/2 strain-derived tumor cells. Although a great deal of polymorphism has been shown to occur in the amplified proviruses (7) , the majority of the acquired proviral copies do contain the env BamHI site, suggesting its presence in the original transcript. The LTRs of MTV-1 have been shown to contain a unique sequence region (5); unfortunately, this region is located within the deleted portion of the amplified provirus of ML cells (18) and cannot be used to identify the source of the amplified genome. In the case of T-cell lymphomas of GR mice, it has been shown that the amplified provirus is always derived from proviral locus MTV-2 (21, 
